In Xenopus, termination by RNA polymerase I (pol I) is mediated by the 9 bp sequence GACTTGCNC and RNA 3'-ends are formed -15-20 nt upstream of this terminator element Here I show that this 9 bp element, also called the T3 box', Is a pause signal for the elongating transcription complex. The two major transcripts in the paused complex have 3-ends mapping to 15 and 21 nt upstream of the T3 box, remain bound to the template in 0.25% Sarkosyl, are subject to pyrophosphorolysls and can be chased into longer transcripts. Mutations that reduce overall termination also affect pausing, indicating that pausing is a limiting step in the termination process. Oligonucleotide competition experiments, furthermore, suggest that pausing requires a DNA binding factor. The data support a model in which the first step leading to transcription termination by pol I in Xenopus is pausing of the elongation complex upstream of the T3 box.
INTRODUCTION
Each Xenopus ribosomal gene repeat contains two sites of RNA 3'-end formation and transcription termination: T2 at the 3'-end of the 40S precursor coding sequence and T3 upstream of the gene promoter. Sites T2 and T3 share a short sequence element located 15-20 nt downstream of the RNA 3'-ends and the same element is conserved between Xlaevis and X.borealis (1). Mutagenesis identified the 9 bp signal GACTTGCNC ('T3 box') as the minimal terminator for polymerase I (pol I) (2) (3) (4) (5) . McStay and Reeder (6) showed that termination at T3 can be competed out with excess T3 sequences, suggesting that termination requires a DNA binding termination factor. Using T3 affinity chromatography the same authors purified a factor, Rib2, that produced a footprint on the T3 site.
We had reported that in oocyte injection assays a mutation in the last (9th) nucleotide of the termination signal (C->G) strongly affected termination activity, while leaving the ability to form RNA 3'-ends intact (4) . This uncoupling of RNA 3'-end formation and termination indicated that the RNA 3'-end is formed by some rapid cleavage of the nascent RNA chain, rather than by cessation of RNA synthesis. Interestingly, this mutation of the 9th nucleotide is naturally found at the X.laevis T2 site, which efficiently forms RNA 3'-ends of the 40S precursor but allows a considerable level of read-through transcription into the spacer (1,7). In vitro T2 behaves like a weak terminator and does not detectably bind Rib2 (6) .
The mechanism of termination by pol I is most likely very similar in different eukaryotic organisms. In mammals termination signals are found at similar locations in the ribosomal gene repeat as in Xenopus (reviewed in 8). In mouse pol I termination is mediated by the so-called 'Sal box' located 11 bp downstream of the primary RNA 3'-ends (9, 10) . The cloning of TTF-I, the pol I-termination factor binding to the Sal box, has very recently been reported (11) . The organization of termination sites on the yeast ribosomal gene repeat appears to differ from the organization in vertebrates, in that there is no evidence for a T3 homolog upstream of the gene promoter and in that the terminator consists of two distinct sequence elements (12, 13) . However, similarly to the situation in vertebrates, termination is mediated by a DNA binding protein (Reblp).
It is clear that the entire process of transcription termination can be separated into several distinct steps. For all three classes of eukaryotic RNA polymerases there is evidence that pausing is the first step leading to transcription termination (13) (14) (15) (16) . Other subsequent steps would be transcript release, dissociation of RNA polymerase from the DNA and trimming or processing of the RNA 3'-end. Here I show that the 9 bp Xenopus pol I termination element is a pause signal for the elongating transcription complex. The results are discussed in the light of a recently proposed model for transcription termination by pol 1(13).
MATERIALS AND METHODS

Preparation of immobilized templates
//wdin-restricted plasmid MH-T3wt (17) was biotinylated with biotin-14-dATP (GIBCO BRL, cat no. 19524-016) and Klenow DNA polymerase. The biotinylated DNA was separated from the unincorporated nucleotides on Sephadex G-25 and by ethanol precipitation in the presence of 2 M ammonium acetate. After digestion with Sspl the biotinylated DNA was incubated with streptavidin-coated paramagnetic particles (Promega, cat. no. Z5241 or Dynal, cat. no. 112.05) in 20 mM Tris-HCl, pH 8,0.2 mM EDTA containing either 0.1 M NaCl or 1 M NaCl. After 1-3 h end-over-end rotation at room temperature, the beads were washed twice in the same buffer and finally resuspended in dialysis buffer (20% glycerol, 20 mM HEPES, pH 7.9, 0.1 M KC1, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF) containing Note that despite having only 20 bp of T3 sequences, the entire termination site on the present construct is referred to as T3' throughout the paper. The nucleotides in MH-T2wt and in the mutants that differ from the MH-T3wt sequence are underlined. A HindHI and BamHl site present in the original construct were destroyed by filling-in the recessed ends followed by religanon, resulting in two 4 bp insertions (underlined). The numbering of the nuclcotidcs is relative to the initiation site at the promoter. The last nucleotide transcribed from a minigene truncated with Xbal and the nucleotide in the Nhel site that was labeled for the preparation of the S1 probe are indicated by arrows. The location of the transcripts in the paused complex and the 3'-end of the S1 probe are shown below.
100 ug/ml BSA and 0.02% NaN 3 . The amount of DNA bound was estimated by proteinase K-SDS extraction of a small aliquot and gel electrophoresis alongside known amounts of DNA.
Preparation of competitor DNA
Oligonucleotide competition experiments were performed essentially as described (6) . Oligonucleotides were 24 bases long and were designed such that after annealing of complementary pairs the double-stranded oligonucleotides had a 5'-GATC-3' singlestranded extension at both ends. Phosphorylated and annealed oligonucleotides were ligated to an average length of-1 kb. The non-coding strands of the three competitors used in the experiment of Figure 6 were (mutated nucleotides underlined): T3wt, GATCCGCGGGG ACTTGCTCGGCCA; LS11, GATCCGCGG GGACTTGCTCAGATA; T3mu, GATCCGCGGGGA1CTGC-TCGGCCA.
Transcription of immobilized templates
The S-100 cell extract was prepared and fractionated on DEAE-Sepharose as described (6) . Immobilized template DNA (100-400 ng/40 jil reaction) was washed once in 100 }il of dialysis buffer and transcribed in the DEAE-Sepharose fractions as described (17), except that the concentration of the unlabeled nucleotides was 10 times less than standard (i.e. 50 (iM each ATP, UTP and GTP and 10 [iM CTP) and 2 mM 6-dimethylaminopurine was present in all reactions to inhibit a transcription-repressing kinase (17). At the end of the reaction the DNA was separated from the soluble components by magnetic separation, the supernatant was removed, treated with proteinase K-SDS and the RNA was extracted with phenol/chloroform. The DNAbeads were washed twice with 200 fxl of a buffer containing 0.25% Sarkosyl, 90 mM KC1, 20 mM HEPES, pH 7.9, 10% glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF. The RNA was extracted from the washed beads by treatment with proteinase K-SDS and phenol/chloroform extraction. RNA was analyzed on 4 or 5% denaturing polyacrylamide gels using standard procedures. The 'transcription buffer' used for incubating the beads for pyrophosphorolysis and for the chase experiment (Fig. 4) consisted of 90 mM KC1, 6 mM MgCl 2 . 20 mM Hepes, pH 7.9, 10% glycerol, 0.1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF. The nucleotide concentrations during the chase were 400 nM ATP, GTP and UTP and 40 ^M CTP. Appropriately exposed autoradiographs were scanned with an Apple One Scanner and analyzed using Ofoto 1.1 and NIH Image 1.44 software. To determine the relative amounts of RNA in the bands the measured densities were corrected for the length of the RNA in the bands.
SI protection assay
To map the RNA 3'-ends at T3, a 333 bp Nhel fragment was labeled with [a-32 P]dCTP and Klenow DNA polymerase. The two strands were separated by denaturation in 0.3 N NaOH and electrophoresis in a native 5% polyacrylamide gel in 50 mM Tris-borate/EDTA buffer. The strand complementary to the RNA was eluted from the gel. The location of the labeled 3'-end of the probe is indicated in Figure 1 . SI protection assays were performed as described previously (1).
RESULTS
To investigate whether the Xenopus pol I elongation complex pauses at T3, in vitrv transcription reactions were carried out using ribosomal minigenes that were immobilized on paramagnetic particles by a streptavidin-biotin linkage. The structure of the minigene template is shown in Figure 1 . The biotin label was incorporated at a HindJH site 266 bp upstream of the start site of transcription. Transcripts initiating at the promoter and terminating at T3 were predicted to be -425 nt long, run-off transcripts to the Sspl site were 1375 nt long. After in vitro transcription in the presence of [a-32 P]CTP die soluble components of the reaction were separated from the beads. The template-beads were washed in a buffer containing 0.25% Sarkosyl, conditions to which elongating pol I transcription complexes have been shown to be resistant (5, 18) . Similar Sarkosyl buffers have been used to wash and purify pol II elongation complexes (19, 20) . RNA was extracted from both the soluble fraction (released RNA) and the washed beads (templatebound RNA) and analyzed by gel electrophoresis. Any discrete RNA band in the template-bound fraction is interpreted to represent paused pol I elongation complexes. Figure 2 shows an experiment in which total RNA, released RNA and template-bound RNA were analyzed after 30, 60, 90 and 120 min transcription. As expected, the amount of total RNA, both T3-terminated and run-off transcripts, increased steadily during the 2 h reaction (lanes 1-4). Analysis of the released RNA (lanes 5-8) gave a very similar result, bom quantitatively and qualitatively, showing that the majority of the total RNA was released into the reaction. Analysis of the template-bound RNA Figure 1 (the location of the downstream deletion gives rise to a strong S1 signal at -32 nt due to the divergence between the RNA and the probe); lane 6 (R), released RNA from immobilized MH-T3wt; lane 7 (B), template-bound RNA. The two S1 signals corresponding to the major 3'-ends of both the T3-terminated and the T3-paused RNA are indicated by arrows. M, marker lanes as in (A).
(lanes [9] [10] [11] [12] showed that this fraction contained an RNA species that co-migrated with die released T3-terminated RNA, indicating that elongating pol I transcription complexes paused near or at the T3 terminator. The amount of RNA in the paused complex barely increased after 30 min transcription, consistent with the notion that the RNA present in the complex paused at T3 is a precursor to the released RNA. Complexes paused downstream of T3 and at the end of the template gave rise to a smear in the gel lane extending to the position of the run-off transcript To obtain signals of similar intensity, only 1/10 of the total and of the released RNA from a single reaction was analyzed (lanes 1-8) and was compared with 9/10 of the bound RNA (lanes 9-12) from the same reaction. The similar intensities of the T3 signals in lanes 1, 5 and 9 therefore indicate that after 30 min transcription the fraction of RNA present in the complex paused at T3 was about 10% of the RNA terminated at T3. After a 2 h reaction this fraction dropped to 2-3%.
To map die RNA 3'-ends in the paused complex, released (Fig.  3A, lanes 1 and 2) and template-bound (lanes 3 and 4) RNA was run on a denaturing 4% polyacrylamide gel alongside run-off transcripts produced from the same minigene template truncated at an Xbal site 17 bp upstream of the T3 box (lane 6; see also Fig.  1 ). An additional Xbal run-off was produced from a minigene that had a 4 bp deletion (lane 5; see also Fig. 1 ). It can be seen that both the RNA in the complex paused near T3 and the released T3-terminated RNA ran as a doublet on the gel, but that the two RNA species in the two fractions did not precisely co-migrate (see also Fig. 4A ). The RNA in the paused complex co-migrated approximately with the two Xbal run-offs, whose predicted lengths are 421 and 425 nt and which would place the paused complex 17-21 bp upstream of the T3 box. The location of the RNA 3'-ends in the paused complex was also determined with an S1 protection assay (Fig. 3B) . The single-stranded DNA probe was labeled at its 3'-end at position 399 on the minigene template (see Fig. 1 ). The two major protected fragments were 23 and 29 nt long (lanes 3,6 and 7). An additional S1 signal at 21 nt was also seen with the T7 read-through control (lane 2) and thus probably did not represent an RNA 3'-end. This result indicated that the RNA 3'-ends mapped to nucleotide positions 421 and 427 on the minigene or 15 and 21 bp upstream of the T3 box, in good agreement with the result using the Xbal run-offs. Interestingly, the S1 assay did not reveal a difference between the templatebound RNA and the released RNA (lanes 6 and 7), raising the possibility that the different migration of the released and bound transcripts might be due to RNA modification.
To establish further that the RNA 3'-ends upstream of the T3 box in the DNA-bound fraction represented paused elongation complexes, the experiments shown in Figure 4 were performed. First, it was investigated whether the bound RNA was subject to pyrophosphorolysis. Pyrophosphorolysis is the reverse of the polymerization reaction and can only occur if the RNA 3'-end is associated with the active site of the RNA polymerase (20) (21) (22) . As shown in Figure 4A , sodium pyrophosphate (5 mM) had no effect on RNA released at T3 (compare lanes 3 with 1 and 2), while it resulted in drastic changes in the RNA pattern observed in the template-bound fraction (compare lanes 6 with 4 and 5). These changes included the disappearance of T3-paused transcripts and the appearance of several new RNA species (lane 6). Additional experiments did not identify the products of pyrophosphorolysis of the T3-paused transcripts, since all the major bands visible after pyrophosphorolysis (as in lane 6) were seen with both the wild-type and a mutant T3 terminator (not shown). While the details of the pyrophosphorolysis reaction remain to be worked out, the sensitivity of the T3 bands in the template-bound fraction to pyrophosphorolysis demonstrates that the T3-paused RNA is present in a paused ternary complex.
An independent way to demonstrate that an RNA is present in a ternary complex is to test whether it can be chased into longer RNAs (Fig. 4B) . At the end of standard transcription reactions DNA-beads were washed in Sarkosyl buffer, which should remove most proteins except for pol I, and thus could be expected to also remove putative factors that are responsible for the pausing. We had reported previously that termination at T3 is indeed abolished in 0.25% Sarkosyl (5). If such Sarkosyl-washed elongation complexes were incubated in transcription buffer lacking nucleotides the amount of T3-paused and run-off RNA did not change (lanes 1 and 2) . However, if (unlabeled) nucleotides were present during the incubation, the amount of T3-paused RNA decreased, while the amount of run-off RNA increased (lane 3). This observation strongly indicates that some of the paused complexes at T3 can be chased to the end of the template and that they therefore represent elongation-competent complexes.
Previous studies had shown that the minimal terminator is contained within the 9 bp sequence GACTTGCNC (2-4). The minigene used in the present study contained only 20 bp of natural Xenopus T3 sequences, including the T3 box and 7 bp of upstream flanking nucleotides (see Fig. 1 ). In vitro termination on the present minigene MH-T3wt was comparable to termination on a related minigene that had a T3 site with 45 upstream flanking rDNA nucleotides, including the sequences where the RNA 3'-ends are formed (data not shown; a co-transcription of these two minigenes is shown in 23). Thus the sequences where the RNA 3'-ends in the paused complex are located have little effect on the termination efficiency, confirming previous data (3, 5) . To further delineate the sequences required for termination and for pausing at T3 in the present in vitro system, mutations within or in the vicinity of the T3 box were tested (see Fig. 1 ). In addition to non-functional T3mu, the weaker terminator T2wt and its 'up-mutant' C261 were used (4) . Analysis of the released RNA synthesized from these four constructs showed that the amount of RNA terminated at these various terminators decreased in the order T3wt > C261 > T2wt > T3mu (Fig. 5, lanes 1^) . Termination efficiencies (defined as percentage of total released RNA that is terminated at T3 or its mutants) were measured to be 62,41, 14 and 0%, respectively. Analysis of the template-bound RNA (lanes 6-9) showed that the pausing efficiencies (defined here as percentage of total template-bound RNA that is in complexes paused at T3 or its mutants) also decreased in the order T3wt > C261 > T2wt > T3mu (measured at 39, 22, 10 and 0%, respectively), thus correlating well with the termination efficiencies at these various terminators. These results suggest that the weak and intermediate in vitro termination efficiencies of T2wt and C261, respectively, are due to accordingly reduced pausing efficiencies at these sites. A previous study showed that termination at the Xenopus T3 site is sensitive to excess T3 sequences, suggesting that a DNA binding termination factor is involved (6) . To test whether pausing would require a DNA binding factor, I investigated the effect of three different competitors on the termination efficiency and the pausing efficiency (as defined above). Figure 6 shows that termination efficiency was unchanged in the presence of the mutant T3mu oligonucleotide as a competitor (lanes 2 and 3) , while T3wt oligonucleotides reduced the termination efficiency (lanes 6 and 7; see also bar graph below). In addition to its effect on termination efficiency, the T3wt competitor also reduced total transcription, due to its separate effect on promoter function (24) . A previous mutagenesis of the T3 site showed that the promoter and terminator functions can be separated by a mutation just downstream of the T3 box, which was called LS11 (24) . It can be seen in Figure 6 (lanes 4 and 5) that the LS 11 competitor did not Figure 6 . Evidence for the requirement for a DNA binding factor for pausing at T3. Transcription reactions were performed in the presence of polymerized double-stranded oligonucleotides as competitor DNA and the released RNA (lanes 1-7; 1/10 of the total reaction) and template-bound RNA (lanes 8-14; 9/10 of the total reaction) were analyzed. The competitors were: lanes 1 and 8, none; lanes 2 and 9, 200 ng T3mu; lanes 3 and 10, 600 ng T3mu; lanes 4 and 11, 200 ng LSI 1; lanes 5 and 12, 600 ng LS 11; lanes 6 and 13, 200 ng T3wt; lanes 7 and 14, 600 ng T3wt The RNA bands are labeled as in Figure 2 . The bar graph below shows the termination efficiencies (black bars) and pausing efficiencies (hatched bars) determined by densitometry of the autoradiograph. Note that the two values are similarly affected by the competitors. affect total transcription, but still reduced the termination efficiency, albeit to a lesser degree than T3wt Figure 6 (lanes 8-14) shows the analysis of the template-bound transcripts in these competition reactions. It can be seen that the competitors had similar relative effects on pausing efficiency as on termination efficiency. Both the T3wt and the LSI 1 competitors led to less T3-paused complexes relative to the total amount of templatebound RNA (lanes 11-14; see also bar graph). The finding that pausing efficiency is affected by competitor DNA containing the termination signal indicates that a DNA binding factor is required for the pausing step at T3. Furthermore, the parallel effects on termination and pausing suggest a causal link between these two processes.
Chromatography of the S-100 extract on DEAE-Sepharose was reported to separate the basic initiation factors from an activity that mediates termination at T3 (6) . This termination factor fractionates into the DEAE flow-through fraction (DEAE FT), while the initiation factors can be eluted from the column with a buffer l 2
T3
-+ DEAE-FT bound Figure 7 . An activity in DEAE FT stimulates termination but does not mediate pausing at T3. Transcription reactions were performed with the DEAE 0.35 fraction alone (lanes 1, 3 and 5) or in the presence of the DEAE FT fraction (lanes 2,4 and 6). Total RNA (lanes 1 and 2; l/10of the total reaction), released RNA (lanes 3 and 4; 1/10 of the total reaction) and template-bound RNA (lanes 5 and 6; 9/10 of the total reaction) were analyzed. The RNA bands are labeled as in Figure 2 . Note that DEAE FT leads to more released RNA, but that there is pausing at T3 even in its absence (lane 5). containing 0.35 M KC1 (DEAE 0.35 fraction). I wondered whether this activity in DEAE FT was responsible for the pausing at T3. To reduce possible contamination of DEAE 0.35 with the termination activity in DEAE FT, the DEAE 0.35 fraction was reapplied to a DEAE-Sepharose column and this second column was washed with an additional salt step containing 0.2 M KG. The analysis of total RNA (1/10 of the reaction) synthesized during a standard 2 h reaction in the absence and presence of DEAE FT is shown in Figure 7 (lanes 1 and 2) . It can be seen that transcription in DEAE 0.35 alone produced predominantly run-off transcripts (lane 1) and that reconstitution of the complete system with DEAE FT restored efficient termination at T3 Oane 2). Analysis of the released RNA (1/10 of the reaction) and the template-bound RNA (9/10 of the reaction) is shown in lanes 3-6. Interestingly, the majority (65-70%) of the high molecular weight RNA formed in the absence of DEAE FT remained bound to the template (lanes 3 and 5). However, a significant number of complexes paused at T3 were reproducibly observed (lane 5), suggesting that pausing per se does not require DEAE FT. In the presence of the DEAE FT (lanes 4 and 6) <5% of the transcripts were bound to the template. While the amount of T3-paused RNA was increased in the presence of DEAE FT, this increase was only 2-to 3-fold (lanes 5 and 6). On the other hand, the amount of transcripts terminated and released at T3 increased more than 30-fold (lanes 3 and 4) . The result suggests that the apparent termination activity in DEAE FT is not responsible for pausing, but increases the efficiency of termination at some different step, possibly at the level of transcript release.
DISCUSSION
It might be a general rule that the elongation complex has to pause before termination of transcription can occur. A paused RNA polymerase can either remain paused, continue transcription, retract by pyrophosphorolysis of the nascent RNA or release the transcript and dissociate from the template (25) . It could therefore have been expected that pausing would play a role during transcription termination by pol I and a recent study with yeast pol 1 (13) , discussed in more detail below, confirmed this prediction. The ribosomal terminator in Xenopus has been well characterized, but if and where pausing would occur at this terminator had not been investigated. The Xenopus pol I terminator is a 9 bp sequence that works in only one orientation and directs the formation of RNA 3'-ends -15-20 nt upstream. Thus pol I could either pause as it attempts to transcribe the 9 bp element and the observed RNA 3'-ends would be the result of a 15-20 nt trimming of the primary transcript or the observed RNA 3'-ends could represent the very site at which pol I pauses. The present results favor the latter scenario. In the present experiments, in which the template-bound transcripts represent a momentary picture of ongoing transcription reactions, a paused complex is seen which contains nascent RNAs with 3'-ends mapping to 15 and 21 bp upstream of the 9 bp signal. These RNAs are still part of a ternary complex, since they are bound to the template in a Sarkosylresistant way, they are subject to pyrophosphorolysis and the Sarkosyl-washed complexes can continue transcription. The finding that the level of RNA present in the paused complex remains fairly constant during the transcription reaction, while the amount of released RNA gradually increases, as well as the observations that mutations and competitor DNA that affect pausing similarly affect the entire termination process, strongly suggest, but do not prove, that the RNA in the paused complex is a precursor to the released RNA.
The present results indicate that it is this pausing step that requires a DNA binding factor, while an activity present in the DEAE FT fraction appears to be involved in some different step during the termination process. These findings extend a previous study by McStay and Reeder (6) , who showed that pol I termination in Xenopus can be competed out by excess T3 oligonucleotides, indicating that termination requires a DNA binding protein. On a T3-DNA affinity column, a factor called Rib2 was purified (6) that produced a footprint on the terminator and on flanking upstream sequences. In addition, the same authors showed that for efficient termination at T3, DEAE FT was required. It is important to note, however, that Rib2 was not directly purified from DEAE FT and, since Rib2 was functionally inactive, it could not be demonstrated whether Rib2 was responsible for the transcriptional effects of the DEAE FT fraction. Therefore, the present finding that the activity in DEAE FT appears not to be involved in pausing does not contradict the notion that Rib2 is the factor causing pol I to pause at T3. To conclusively answer the question whether Rib2 is the pausing factor, a method for the preparation of transcriptionally active Rib2 will have to be developed. Additional experiments (unpublished data) show that the putative 'release factor' in DEAE FT does not bind to the T3 sequence, thus further confirming that it is distinct from Rib2.
At present the significance of the two RNA 3'-ends in the paused complex is not understood and they might represent two different conformations or two different locations on the DNA of the paused pol I. It is tempting to speculate, however, that the 15 and 21 nt distance represents the distance between the active site of pol I and its leading edge, which met some kind of obstacle at the T3 box. This notion is consistent wim data on Escherichia coli RNA polymerase and pol II, where the distance between the leading edge of the polymerase and the catalytic site has been found to be 17-19 nt (26, 27) . The distance can become shortened to 10-12 nt in an arrested complex or during inchworm-like forward movements. In the present model the obstacle encountered by pol I could either be the DNA binding termination factor itself or a particular DNA structure (e.g. a bend) induced by the termination factor.
Site T2 at the 3'-end of the Xenopus 40S precursor rRNA coding region has been shown to be partially impaired by a naturally occurring mutation in the 9 bp element, but its behavior has been and remains puzzling in many aspects. In vivo and in oocyte injection experiments this mutation abolishes the ability of the signal to terminate transcription, while RNA 3'-end formation is little affected (1,2,4,5). These observations led us to conclude that the RNA 3'-ends had to be the result of a rapid processing event (4) . Interestingly, the in vitro behavior of T2 is somewhat different, in that RNA 3'-end formation is also reduced as compared with T3 (6). Thus T2 in vitro behaves quite simply like a weaker terminator. In the present study this behavior of T2 and its up-mutant C261 was used to demonstrate a correlation between termination efficiency and pausing at a ribosomal terminator. At least in vitro, pausing thus appears to be a limiting step during the termination process. It is conceivable that site T2 displays different characteristics in vivo, because a different step, for example RNA 3'-end formation or RNA release, is limiting. Furthermore, it is clear mat a full understanding of the events at T2 and T3 will not be possible without knowing the fate of pol I after pausing and transcript release.
The present results have to be discussed in the light of a model for termination by pol I that was recendy published by Lang et al. (13) . Based on observations with a defined, purified system for yeast pol I termination, these authors proposed that terminators consist of a pause element that, with the help of a DNA binding factor, causes the elongation complex to pause and a release element that is required to efficiendy release the transcript in the paused complex. Efficient termination only occurs if the pausing element causes the elongation complex to halt over a release element. The present data indicate that the pausing aspect of this model is clearly also applicable to pol I termination in Xenopus. However, our studies with Xenopus have so far failed to provide any evidence for the existence of a release element. Termination occurs wim comparable efficiencies at X.laevis T3 and X.borealis T2 and T3, which all have very different sequences upstream of the 9 bp element, as well as on various minigene constructs, where the RNA 3'-ends are formed in vector sequences (2,5; see also 23). These data suggest that, at least under the experimental conditions used, the T3 box pause signal is the only cis-acting element required for efficient termination by pol I. The data presented in Figure 7 indicate, however, that the efficiency of Xenopus pol I termination may be regulated by a trans-acting factor present in the crude DEAE FT fraction. The purification of this factor will be required to test whether it is involved in transcript release.
